Abstract The shoot of grass coleoptiles consists of the mesocotyl, the node, and the coleoptile (with enclosed primary leaf). Since the 1930s, it is known that auxin (indole-3-acetic acid, IAA), produced in the tip of the coleoptile, is the central regulator of turgor-driven organ growth. Fifty years ago, it was discovered that antibiotics that suppress protein biosynthesis, such as cycloheximide, inhibit auxin (IAA)-induced cell elongation in excised sections of coleoptiles and stems. Based on such inhibitor studies, the concept of "growth-limiting proteins (GLPs)" emerged that was subsequently elaborated and modified. Here, we summarize the history of this idea with reference to IAA-mediated shoot elongation in maize (Zea mays) seedlings and recent studies on the molecular mechanism underlying auxin action in Arabidopsis thaliana. In addition, the analysis of lightinduced inhibition of shoot elongation in intact corn seedlings is discussed. We propose a concept to account for the GLPmediated epidermal wall-loosening process in coleoptile segments and present a more general model of growth regulation in intact maize seedlings. Quantitative proteomic and genomic studies led to a refinement of the classic "GLP concept" to explain phytohormone-mediated cell elongation at the molecular level (i.e., the recently proposed theory of a "central growth regulation network," CGRN). Novel data show that mesocotyl elongation not only depends on auxin but also on brassinosteroids (BRs). However, the biochemical key processes that regulate the IAA/BR-mediated loosening of the expansion-limiting epidermal wall(s) have not yet been elucidated.
Introduction
Land plants (embryophytes), a monophyletic clade of sessile photoautotrophic organisms, are composed of cells that are immobilized due to the presence of cellulosic cell walls Kutschera 2009, 2010) . Numerous studies have shown that plant organ growth, which is attributable to cell division and turgor-driven wall expansion, is to a large extend regulated by internal signalling molecules (phytohormones) and environmental cues (light, gravity, etc.) which must be integrated at intracellular and organismic levels (Teale et al. 2006; Wang et al. 2012 Wang et al. , 2014 Oh et al. 2014) . As one attempt, plant biologists have adopted two major experimental approaches to elucidate the mechanism(s) that regulate growth and development: the section test and intact seedling assays.
Since the discovery of the phytohormone auxin (indole-3-acetic acid, IAA), researchers have used excised sections cut from the shoots of grass seedlings (coleoptiles or mesocotyl), incubated these organ fragments in aerated aqueous solutions (+/− IAA), and analyzed the resulting growth response of these organ fragments (Went and Thimann 1937) . During the 1940s, IAA was isolated from kernels of maize, and this crop plant was primarily employed to elucidate the biosynthesis of this phytohormone (Srivastava 2002; Woodward and Bartel 2005; Kriechbaumer et al. 2006; Abel and Theologis 2010; Zažimalovà et al. 2014; Zhao 2012) .
The seedlings of cereals, such as oats, rice, or maize (Zea mays) (Fig. 1a ) are the favored model systems for the study of coleoptile (or mesocotyl) growth in vitro in response to exogenously applied IAA. Alternatively, intact seedlings can be raised under different environmental conditions (for instance, +/− light) to modulate the rate of organ growth in the intact system (in situ). In recent decades, the hypocotyl of Arabidopsis thaliana has been a favored model system for studying the regulation of cell elongation by hormones and environmental signals (Deng et al. 2014) . Combined with genetic and proteomic technologies, these approaches have yielded deep insights into the molecular basis of the regulation of cell growth and, in addition to IAA, brassinosteroids (BRs) were found to be of central importance (Bai et al. 2012a, b; Hartwig et al. 2011 Hartwig et al. , 2012 Wang et al. 2012; Makarevitch et al. 2012; Kutschera and Wang 2012; Zhu et al. 2013; Oh et al. 2014) .
Using both experimental systems, it became clear that cell elongation, the central process governing organ growth, consists of turgor-driven expansion of the cell walls. In addition, the plastic deformation (rather than elastic stretching) of these intramural polymeric networks, which includes cell wall and protein biosynthesis, was found to be the rate-limiting process. This classic "plasticity theory" has been corroborated and refined by generations of plant physiologists, and accumulating data document that the thick, expansion-limiting outer epidermal wall(s) are the sites where growth is regulated at the biophysical level (Baskin 2005; Schopfer 2006; Kutschera 2008a, b; Kutschera and Niklas 2007 Lipchinsky et al. 2013; Chan 2012) .
Despite these insights, the biochemical basis of cell elongation remained a mystery. The situation changed during the early 1960s, when certain inhibitors of protein and RNA biosynthesis became available. Based on numerous inhibitor studies, the concept of "growth-limiting proteins" (GLPs) emerged.
In this article, we first describe the history of this idea and its current status. Then, we summarize recent studies that document an as yet unexplored auxin (IAA)-BR interaction in grass seedlings, notably in maize. Finally, we propose a novel IAA-BR hypothesis of mesocotyl elongation with reference to the recently discovered intracellular "central growth regulation network" (CGRN) (Fan et al. 2014; Oh et al. 2014; Wang et al. 2012 Wang et al. , 2014 .
Auxin and shoot development
The classic "auxin hypothesis" of coleoptile elongation originated with the work of Fritz Went (1903 Went ( -1990 , who introduced the "excised coleoptile tip/agar block" bioassay as a tool for the study of phytohormone action in etiolated grass seedlings (Went 1928) . In a subsequent book, Went and Thimann (1937) coined the famous phrase "without auxin no growth," which originally applied to the coleoptile of cereal seedlings (oats, wheat, maize). In these organs, the tip was found to be the sole site of IAA production, and a basipetal flow of auxin from this "source" to the base of the coleoptile induces cell elongation in this sheath-like organ (Woodward and Bartel 2005; Nishimura et al. 2011; Mori et al. 2005; Briggs 2014 ). However, the question as to the importance of IAA with respect to the elongation of the mesocotyl (i.e., the axial organ below the node) (Fig. 1b) remained unclear.
With reference to the work of van Overbeek (1936) , who had studied light-induced inhibition of mesocotyl elongation in maize seedlings, it was concluded that "The growth of the mesocotyl is … entirely dependent on the auxin which reaches it from the base of the coleoptile" (Went and Thimann 1937, p. 84) . Hence, the "auxin hypothesis of shoot elongation" states that both the growth of the coleoptile and that of the mesocotyl are regulated by a flow of IAA, from the tip of the coleoptile to the base of the shoot. Accordingly, lightinduced inhibition of growth (notably that of the mesocotyl) should be regulated via a reduced supply of auxin (Mer 1951) . Vanderhoef and Briggs (1978) summarized the pertinent evidence for this concept and concluded that, based on their data on red light-inhibited mesocotyl elongation in maize seedlings, light regulates organ growth by controlling the supply of IAA from the coleoptile. Using the same plant material, Iino (1982) concluded that red light inhibits mesocotyl The plant hormone auxin (IAA) was isolated in 1946 from corn kernels, and maize has long been the principal monocot for studies on the mode of IAA biosynthesis. Two dark-grown, 4-day-old maize seedlings, with curved (left) and straight mesocotyl, respectively, are depicted (right) (b). Among 100 seedlings, ca. 1 % displayed a "curly" mesocotyl. Excised segments, cut below the tip of the coleoptile or the node, respectively, are also shown elongation mainly by reducing the auxin supply from the coleoptile, and Jones et al. (1991) documented that this light effect on the decrease in the level of IAA occurs in the growthcontrolling epidermal cells of the mesocotyl (see also Iino and Carr 1982; Barker-Bridgers et al. 1998) .
More recently, Borucka and Fellner (2012) corroborated and extended the "auxin hypothesis of shoot elongation" in maize seedlings. The authors documented that auxin-binding protein 1 (ABP1), a putative ER-/plasma membraneassociated IAA receptor involved in the regulation of cell expansion of the maize coleoptile (Shishova and Lindberg 2010; Ljung 2013) , is a component of the auxin/light signalling network in this crop species (Borucka and Fellner 2012) . In summary, these data support the classic concept that IAA is the key growth regulator in developing shoots of maize seedlings (Barker-Bridgers et al. 1998) .
Protein synthesis as a growth-limiting process
Despite the fact that auxin was identified as the most important regulator of shoot development in etiolated grass seedlings several decades ago, the biochemical basis of phytohormone action remained elusive.
In 1964, plant physiologists discovered that IAA-induced elongation of excised segments cut from the sub-apical (growing) region of stems or coleoptiles/mesocotyls is inhibited by antibiotics known to suppress protein biosynthesis. In a seminal study, Noodén and Thimann (1963) used chloramphenicol, puromycin, and p-fluorophenylalanine as experimental tools and discovered that all three substances inhibit IAA-mediated segment elongation to a similar extend. Moreover, in the presence of chloramphenicol, both the hormone-induced growth process and the incorporation of radioactively labelled 14 C-leucine into the fraction of soluble proteins were inhibited in parallel. However, in pea stem and oat coleoptile sections, IAA did not promote the incorporation of 14 Cleucine, i.e., biosynthesis of total cytoplasmic protein was not enhanced by the plant hormone. Despite this lack of a positive IAA effect, the authors concluded that "synthesis of some one protein present in differing amounts in different tissues, is a factor limiting growth" (Noodén and Thimann 1963) .
In a subsequent study carried out with sections cut from the hypocotyl of soybean (Glycine max) and the mesocotyl of maize seedlings (Fig. 1b) , Key and Ingle (1964) confirmed and extended Noodén and Thimann's (1963) findings. The authors used specific inhibitors of RNA synthesis, which suppress IAA-induced growth, and concluded that "cell enlargement … appears to be under the control of the genome through the synthesis of intermediate, messenger-RNA molecules" (Key and Ingle 1964) . In a subsequent report, Key (1964) summarized the GLP concept as follows: "Presumably the rate of formation of some specific RNA is enhanced by auxin … leading to an increased supply of some limiting enzyme or enzyme system" (see also the accompanying report of Key and Shannon 1964) . Numerous subsequent studies corroborated these early findings (Key 1969; Chae et al. 2012) .
Using the protein synthesis inhibitor cycloheximide (CHX) as a tool, Cleland (1971) documented that IAA-induced cell wall-loosening, which causes turgor-driven organ growth, is inhibited by CHX in parallel to the suppression of elongation and protein biosynthesis. Detailed time-course studies led to the conclusion that auxin-mediated elongation is dependent on the biosynthesis (or presence) of a "GLP," which may be an enzyme that cleaves wall crosslinks, a wall polysaccharide hydrolase, or a transport protein responsible of the movement of a "wall-loosening factor" across the plasma membrane (Cleland 1971) . Based on experiments with lupin hypocotyl sections, similar conclusions were reached by Penny (1971) (see Chapman and Estelle 2009 for a summary of these and related studies).
After the discoveries that IAA-mediated growth can be induced within 15 min of hormone application (Fig. 2a, b) , and the characterization of the "acid growth effect" in coleoptile segments (see below), the classic theory that cell elongation may be limited by the continued biosynthesis of specific proteins (and the associated "gene activation hypothesis") was largely abandoned (Dietz et al. 1990; Abel and Theologis 2010) . However, after the discovery of IAA-induced fine structural changes along the growth-controlling outer epidermal wall (OEW) in maize coleoptiles, the GLP concept was revitalized. This era of auxin research is summarized in the next section. 
Growth-limiting proteins in maize coleoptiles
Coleoptile elongation: acid growth and osmiophilic nanoparticles A series of studies led to the hypothesis that IAA may cause the initiation of cell elongation via the rapid activation of a specific protein, the so-called proton-secreting plasma membrane H + -ATPase. The resulting acidification of the apoplastic space via activation of specific "wall-loosening proteins" (such as expansins) was thought to cause an enhancement in wall plasticity and hence the initiation of turgor-driven organ elongation (Brummell and Hall 1987; Cosgrove 1997 Cosgrove , 2005 Hager 2003; Benjamins and Scheres 2008; Takahashi et al. 2012 ). However, a comparative quantitative analysis of the effects of IAA and the fungal phytotoxin fusicoccin (FC) on growth and proton secretion in coleoptiles of maize and oats (Avena sativa) led to the conclusion that FC, but not IAA, causes wall-loosening and cell enlargement via a rapid acidification of the cell walls. This "acid growth theory of FC action," which is compatible with the "expansin concept of wall-loosening," is well supported by numerous independent lines of evidence (Schopfer 1993; Kutschera 1994 Kutschera , 2001 Kutschera , 2003 Kutschera , 2006 Karcz and Burdach 2007; Niklas and Kutschera 2012; Visnovitz et al. 2013; Burdach et al. 2014; Rudnicka et al. 2014) .
If IAA-induced proton secretion is insufficient to cause wall-loosening in coleoptiles, how can this plant hormone enhance cell expansion in this organ? Based on the premise that the thick, expansion-limiting OEW of the coleoptile represents the growth-controlling structure of the organ (Brummell and Hall 1987; Lipchinsky et al. 2013) , the occurrence of IAA-induced osmiophilic (electron-dense) nanoparticles along the OEW was documented (Fig. 3a, b) . These granules (diameter ca. 300 nm), which fuse with the OEW, were also found in intact (growing) coleoptiles; after cutting of the segments, the granules disappeared and rapidly reappeared upon incubation in IAA, in correlation with the induction of cell elongation (Kutschera et al. 1987) . In the presence of the protein synthesis inhibitor CHX, auxin is unable to cause growth, and no nanoparticles were observed along the OEW (Fig. 3c) . Since FC and acid (buffers of pH 4) induce growth, but no nanoparticles, these granules have been interpreted as IAA-dependent "cell wall-loosening complexes" (Vaughn 2002; Edelmann et al. 1995; Edelmann and Kutschera 1993; Niklas and Kutschera 2012) .
A series of studies revealed that IAA rapidly promotes the incorporation of 3 H-leucine into the OEW, whereas the biosynthesis of cellulose, hemicelluloses, and pectins was unaffected by the hormone. CHX prevented this rapid IAA effect on the biosynthesis of wall protein, and monensin, an inhibitor that causes dysfunction of the Golgi apparatus, had a similar effect (Schindler et al. 1994) . Taken together, these studies led to the conclusion that the epidermal GLPs are causally involved in the initiation of growth: the "wall-loosening factor" may be a Golgi-derived proteinaceous component of the OEW, which represents glycoproteins visible as nanoparticles along the extension-limiting peripheral organ wall (Fig. 3a, b) . However, the exact composition of these growth-related granules has not yet been elucidated, although there is strong evidence indicating that they contain O-glycosylated proteins that are incorporated into the OEW (Edelmann and Schopfer 1989; Hoffmann-Benning et al. 1994; Schindler et al. 1994; Edelmann et al. 1995; Kutschera and Edelmann 2005; Niklas and Kutschera 2012) .
The validity of the inhibitor studies summarized above (Fig. 3c ) rests on the assumption that CHX acts as a specific agent to block protein synthesis (see Kutschera and Schopfer 1986 for a discussion of this topic). Over the past decades, CHX, which was originally isolated from the bacterium Streptomyces griseus, has been employed to inhibit eukaryotic translation (Bates and Cleland 1979) , but the exact mode of action remained elusive. More recently, a detailed study revealed that, in eukaryotic cells, CHX is in fact a molecule that The table (c) documents the relationship between the occurrence of OPs, which originate in the cytoplasm (Cy), and coleoptile elongation. CHX = cycloheximide, Fc = fusicoccin, IAA = auxin (treatment: 1 h ± IAA, 10 μM or Fc 1 μM, respectively) (adapted from Bergfeld et al. 1988) interferes specifically with translation elongation in eukaryotic cells. Within the cytoplasm, CHX binds to the E-site of the 60S ribosome and hence blocks eEF2-mediated mRNAtRNA translocation (Schneider-Poetsch et al. 2010; Olivier 2014) .
This new insight is of importance with respect to the GLP concept proposed 50 years ago (Key 1964; Key and Ingle 1964; Key and Shannon 1964) , which is supported by physiological, biochemical, and cytological data. When the translation of RNA and the resulting biosynthesis of protein(s) are blocked, three processes, glycoprotein secretion, biomechanical wall-loosening, and turgor-driven cell expansion, are inhibited. These data support the GLP concept of coleoptile elongation, although the correlations described here do not strictly prove a cause and effect relationship.
Solute uptake and turgor maintenance Figure 2b shows that, during the first 4 h of IAA treatment, coleoptile elongation in water proceeds at a constant rate. However, 2 h later, the growth slows down and ceases after 1 day in the presence of auxin (Kutschera and Schopfer 1986 ). This decline in organ elongation is, in part, due to a loss of turgor pressure caused by the dilution of vacuolar contents as a result of continued water absorption.
In a seminal study, Stevenson and Cleland (1981) have shown that cessation of coleoptile elongation in water can be prevented by the addition of absorbable solutes, such as sucrose or potassium chloride (KCl). However, 24 h after start of IAA incubation, organ elongation slows down and ceases, due to the fact that the cells have reached their final length. Sucrose, at a concentration of 50 mM, has been used as a "natural" solute to maintain IAA-induced coleoptile growth over several hours, and it is likely that Suc, which elicits a strong medium acidification response, is actively taken up by the phloem cells via ATP-dependent processes (Kutschera 1994; Kutschera et al. 2010) .
However, turgor and osmoregulation (i.e., the maintenance of cell osmotic pressure during long-term growth) can also be achieved by the addition of KCl (10 mM) to the incubation medium (Stevenson and Cleland 1981) . There is evidence indicating that K + ions are required for the initiation of IAAmediated coleoptile elongation, and potassium channels plus the H + -ATPase system (i.e., specific plasma membraneintegrated protein complexes) may be involved in this process (Claussen et al. 1997; Becker and Hedrich 2002) . Moreover, Burdach et al. (2014) have shown that, after the addition of IAA, the uptake of K + (and Cl − ) ions is associated with the promotion of coleoptile elongation. Hence, K + -specific, activated ion channels, which act in combination with the ATPdependent H + secretion process, may qualify as GLPs in the grass coleoptile.
However, this hypothesis is incompatible with the finding that, in the presence of sodium chloride (NaCl) (instead of KCl), normal IAA-induced growth occurs, but proton secretion is largely inhibited by Na + ions. In contrast, fusicoccinmediated H + secretion and cell elongation occur in KCl and NaCl solutions at the same rates (Kutschera 1994 (Kutschera , 2006 . These data are consistent with the tenets of the acid growth theory of FC action in the grass coleoptile but not with the H + secretion/ K + uptake model of IAA action in the same plant organ.
Proteomics and the search for GLPs in grass coleoptiles
Three recent proteomic studies attempted to resolve the question as to the nature and role of GLPs in developing grass seedlings Deng et al. 2012; Li et al. 2013 ). In two comprehensive analyses, coleoptiles of rye (Secale cereale) were used as experimental system, and membrane-associated protein extracts were studied using two-dimensional difference gel electrophoresis Deng et al. 2012) . Within 2 h of auxin treatment, 16 protein spots were up-or downregulated. Protein identification by use of reverse-phase liquid chromatography/ electrospray tandem mass spectrometry revealed four epidermal proteins of special interest. Two of these, a small Rasrelated GTP-binding protein and a subunit of the 26S proteasome, were rapidly (within 30 min) down-or upregulated by IAA, respectively, and may therefore qualify as GLPs. However, the role of these rapid IAA-modulated epidermal proteins with respect to the "cell wall-loosening complexes" (Hoffmann-Benning et al. 1994; Vaughn 2002; Niklas and Kutschera 2012) remains unclear (Deng et al. 2012) . Using coleoptile segments cut from 4-day-old etiolated maize seedlings (Fig. 1b) , Li et al. (2013) analyzed the longterm effect of IAA (treatment for 4 h, see Fig. 2b ). The authors restricted their search for GLPs to the outer epidermis of this sheath-like organ. They discovered, by use of a combination of proteomics and PCR analyses, 15 proteins that are (or may be) involved in cell wall (or cutin) biosynthesis. Two newly discovered epidermal proteins with unknown functions (denoted by the authors as Hyp 3 and Hyp 4) may be associated with the wall-loosening process and hence qualify as GLPs. However, as in the complementary studies on rye coleoptiles Deng et al. 2012) , the authors failed to identify wall-associated proteins that are unequivocally associated with the osmiophilic (growth-related) nanoparticles depicted in their paper (see Fig. 1 in Li et al. 2013) . Therefore, the exact composition and physiological significance of the "epidermal wall-loosening complexes" (Vaughn 2002 ) remain unresolved.
It has been suggested that these granules are related to the biosynthesis of the cuticle, a structure that modifies the mechanical properties of the outer epidermal wall and hence may influence the rate of cell elongation (Hoffmann-Benning et al. 1994; Edelmann et al. 2005) . However, evidence of support of this hypothesis is currently lacking.
Expansins and extensins
In none of these recent quantitative proteomic studies on growing vs. non-elongating organ segments Deng et al. 2012; Li et al. 2013) , the suggested roles of two non-enzymatic cell wall proteins, expansins and extensins, respectively, has been elucidated. Expansins are endogenous wall-associated proteins that mediate acidinduced growth in axial plant organs, such as hypocotyls of etiolated seedlings (McQueen-Mason et al. 1992; Cosgrove 2005) . Experiments with wheat (Triticum aestivum) coleoptiles have contributed greatly to our knowledge on the possible role of these cell wall proteins in the regulation of organ growth. In a seminal study, Gao et al. (2008) documented that expansin activity, measured in heat-inactivated cell walls, displays a pH optimum of ca. 4.0 to 4.5. This value is in accordance with the pH established in the cell walls of grass coleoptile sections treated with the fungal phytotoxin FC (Schopfer 1993; Kutschera 1994 Kutschera , 2006 Burdach et al. 2014; Rudnicka et al. 2014 ). Hence, FC-induced cell wall expansion appears to be mediated by expansins, which acts by disrupting H-bonds between cellulose microfibrils and matrix polymers (Gao et al. 2008; Zhao et al. 2011) . However, despite these insights, the molecular basis of expansin action in muro, i.e., the loosening of the wall by weakening the non-covalent bonding of polysaccharides to one another, is still unclear (Georgelis et al. 2012; Lipchinsky 2013) . With respect to the mature, flowering maize plant (Fig. 1a) , (ß)-expansins were found to be important components of pollen grain (male gametophyte)-specific wall proteins. The so-called group-1 pollen allergens (ß-expansins, Zea m1) have been found to be involved in the growth and competitive ability of pollen tubes on the stigma/style of the female silk in the sporophyte of sexually reproducing corn (Valdivia et al. 2007) .
Extensins, on the other hand, appear to cross-link (stiffen) the walls during cessation of organ growth (Cosgrove 1997; Lamport et al. 2011 Lamport et al. , 2014 . However, the exact mode of these wall-stiffening processes remains unexplained. It should be noted that there is no evidence indicating that the "growthrelated nanoparticles" discovered and extensively characterized along the OEW of growing coleoptiles (Fig. 3a, b) contain expansins or extensins. However, these structures have also been found in expanding axial organs of many monoand dicotyledonous plants (Samajova et al. 1998) . Microscopical investigations indicate that these granules also occur at the OEW of the mesocotyl (Cona et al. 2003) . The structure, function, and development of this axial plant organ are discussed in the next section.
Mesocotyl elongation: enzyme-mediated wall stiffening
As mentioned in the "Introduction," the concept of GLPs was developed to a large extent based on experimental results obtained with excised sections of the mesocotyl cut from etiolated maize seedlings (Key and Ingle 1964; Shannon et al. 1964) . As documented in these pioneering studies, the region of mesocotyl elongation is restricted to about 10 mm below the node, and IAA (as well as the synthetic auxin 2,4-D; see Song 2014) rapidly promotes cell elongation in this organ, as it does in the coleoptile. Figure 4a shows that split sections, cut from the coleoptile and mesocotyl of etiolated maize seedlings, display a spontaneous outward bending response upon incubation in water. After application of auxin, an inward curvature of the split halves occurs, documenting that the outer epidermis is the primary IAA-responsive tissue (Went and Thimann 1937; Kutschera et al. 1987) . The same phenomenon occurs in excised mesocotyl sections (Fig. 4b) . This finding indicates that, in this organ, the epidermal cell layer likewise regulates the growth of the entire system.
Although the mesocotyl of maize seedlings has been used, in addition to coleoptiles, as experimental system by Fig. 4 Biophysical basis of cell elongation in the coleoptile and mesocotyl of maize (Zea mays) seedlings. Split sections (length, 1 cm), placed on water, display a rapid outward bending response, indicating that the outer epidermal wall is under longitudinal tension (a). Upon incubation in IAA (10 μM) for 24 h, mesocotyl sections respond with the typical inward bending, as documented before for coleoptile segments (b). This result indicates that the epidermis is the primary target tissue for IAA action in this organ generations of plant physiologists (van Overbeek 1936; Borucka and Fellner 2012) , it is still unknown whether or not these organs display the same sensitivity towards added IAA (Went and Thimann 1937) . In order to fill this void in our knowledge, the experiments described below were carried out. Figure 2a shows that, after 24 h of incubation in auxin, both the coleoptile and the mesocotyl display about the same growth response (length increase: ca. + 2 mm in the control and ca. + 7 mm in the presence of IAA, respectively). Moreover, Fig. 2b documents that, over the first 4 h of treatment, the kinetics of IAA-induced coleoptile and mesocotyl elongation are very similar. Within 30 min of auxin application, cell elongation is promoted and reaches a constant value between hours 1 and 4 after start of the experiment. Hence, in etiolated maize seedlings, both organs of the developing shoot display essentially the same sensitivity towards applied IAA. Since auxin exerts a rapid response in the coleoptile as well as in the mesocotyl, the auxin receptor ABP1-mediated signalling pathway appears, in both organs, to represent the first step in the processes leading to enhancement of growth (Jones et al. 1991; Woodward and Bartel 2005; Teale et al. 2006; Xu et al. 2010; Shishova and Lindberg 2010; Ljung 2013) . Moreover, these growth measurements (Fig. 2a, b) further corroborate the "auxin hypothesis of shoot elongation" described above.
Upon exposure of intact, etiolated seedlings to light, mesocotyl elongation is rapidly inhibited via a reduction in IAA supply (van Overbeek 1936; Mer 1951; Vanderhoef and Briggs 1978; Iino 1982; Jones et al. 1991) . The biochemical mechanism of this retardation of shoot elongation, with respect to GLPs, has been analyzed in detail. Yahalom et al. (1987) have shown that the well-known light-mediated inhibitory effect on mesocotyl elongation in maize mesocotyls is reversible: when the irradiated seedlings are placed back into darkness, the rate of growth increased and reached the level before light treatment. Moreover, retardation in mesocotyl growth in light was found to be due to a decrease in cell wall extensibility (Yahalom et al. 1988; Markelz et al. 2003) .
Using etiolated maize seedlings as experimental system, Schopfer et al. (2001) demonstrated a positive correlation between light-induced inhibition of mesocotyl extension, an increase in wall stiffness, and the incorporation of lignin into the growth-controlling outer walls of this organ. In a subsequent report, Cona et al. (2003) documented that, upon light treatment, the abundance of a hydrogen peroxide (H 2 O 2 )-producing enzyme, polyamine oxidase (PAO), increases in the growth-controlling epidermal walls of the maize mesocotyl. This biochemical process may be due to a peroxidasecatalyzed cross-linking and lignification in the thickened epidermal walls. Hence, PAO may qualify as a GLP in the mesocotyl of maize seedlings. Moreover, Cona et al. (2003) suggested that light-induced PAO gene expression in the epidermis is mediated by phytochrome-dependent transcriptional activators. However, more work is required to further corroborate this hypothesis, notably with reference to the occurrence of the growth-associated granules described above (Fig. 3a, b) .
In summary, the studies described here show that lightinduced inhibition of mesocotyl elongation in intact seedlings, caused by reduced IAA supply, is due to an enzyme (GLP)-mediated wall stiffening process. PAO appears to be one wallassociated key enzyme, but other apoplastic GLPs may also be involved (Okamoto-Nakazato 2002; Frankova and Fry 2013; Lamport et al. 2014) .
Role of brassinosteroids during shoot development
In 1979, the discovery of a novel steroidal lactone, isolated from pollen of rape (Brassica napus), was reported. Over the subsequent decade, in addition to this first brassinosteroid (called brassinolide), numerous related poly-hydroxylated steroidal plant hormones were isolated and characterized. Today, more than 60 different BRs are known that are involved in the regulation of plant growth and development (Kim and Wang 2010; Wang et al. 2012; Kutschera and Wang 2012; Hao et al. 2013; Zhu et al. 2013) .
Biosynthesis of BRs, their modes of action, and signalling pathways have been studied in the model plant A. thaliana, as well as in crop species such as tomato, pea, and rice. However, comparatively little is known about the role of BRs during seedling development in cereals such as maize, despite the fact that endogenous brassinosteroids are synthesized in the roots of etiolated corn seedlings (Kim et al. 2005) . Experiments with seedlings of garden cress (Lipidium sativum), a relative of rape and model organism for the study of root phototropism (Kutschera and Briggs 2012) , revealed that the triazole compound propiconazole (Pcz) acts as a specific inhibitor of BR biosynthesis (Sekimata et al. 2002) .
Using Pcz as a tool, and by isolation of the first BRdeficient maize mutant, Hartwig et al. (2011) documented that mesocotyl elongation in dark-grown maize seedlings is inhibited by this triazole compound, indicating that BRs are involved in the regulation of organ growth. In a subsequent study, Hartwig et al. (2012) compared the effect of Pcz on developing seedlings of Arabidopsis and Z. mays. In both types of plants, organ development was drastically reduced. Makarevitch et al. (2012) isolated and characterized a brassinosteroid-deficient mutant in maize, brd1-m1. This mutant of Z. mays is defective in brassinosteroid biosynthesis and therefore largely lacks a mesocotyl. Physiological experiments, summarized in Fig. 5 , document that the short mesocotyl phenotype of brd1-m1 plants can be largely rescued by the addition of brassinolide (BL) (Makarevitch et al. 2012) . These mesocotyl studies show that organ elongation in etiolated maize seedlings is not only dependent on IAA but is also a BR-regulated process. Since, in seedlings of Arabidopsis, auxin stimulates BR biosynthesis (Chung and Choe 2013) , it is likely that these growth regulators likewise interact in the maize mesocotyl.
There is little evidence that BR influences the elongation growth of the grass coleoptile (Hartwig et al. 2011 (Hartwig et al. , 2012 . This process appears to be exclusively dependent on the supply of IAA produced in the tip of the organ (Went and Thimann 1937; Iino 1982; Kutschera 2003; Mori et al. 2005; Nishimura et al. 2011; Briggs 2014 ).
Auxin-brassinosteroid interactions and the CGRN
The "cross-talk" between IAA and BRs in the regulation of mesocotyl elongation in maize seedlings is unknown and the role of the GLPs in these hormone interactions largely unexplored. However, our "split section" experiment shown in Fig. 4b documents that mesocotyl elongation is restricted to, and hence controlled by, the epidermal cell layer. Therefore, we suggest that BR action is, like that of IAA, localized in the peripheral cell layer, and genetic evidence from Arabidopsis supports this hypothesis (Savaldi-Goldstein et al. 2007 ).
Ten years ago, two independent research groups reported that, in the dicot plant A. thaliana, auxin and brassinosteroids exert overlapping effects on the patterns of gene expression. Moreover, it was suggested that a shared IAA/BR pathway is required for the regulation of hypocotyl elongation in this model organism (Goda et al. 2004; Nemhauser et al. 2004) . Subsequent investigation identified several molecular connections between the BR-and auxin-signalling pathways (Walcher and Nemhauser 2012; Chung and Choe 2013) , but the function of these connections remained unclear.
More recently, a series of biochemical and genomic Arabidopsis experiments led to the postulation of a CGRN (Fan et al. 2014; Oh et al. 2014; Wang et al. 2014 ). According to this novel "CGRN theory," transcription regulators of BR, auxin, GA, and light (phytochrome) pathways interact directly at shared gene promoters to regulate gene expression and hypocotyl elongation. In addition, plant pathogens generate growth-inhibiting signals that modulate components of the CGRN to tip the balance between organ . Coleoptile and mesocotyl are separated by the node, which consist of the meristematic tissue of the shoot. In both the coleoptile and the mesocotyl, organ growth is caused by the loosening/ elongation of the thickened outer epidermal wall (OEW). This process, which is regulated by IAA (and BRs), depends on (1) turgor pressure which must be maintained via osmoregulatory processes, (2) O 2 -fuelled metabolic activity of the cells, and (3) the presence of growth-limiting proteins (GLPs) (adapted from Niklas and Kutschera 2012) elongation and immunity (Wang 2012; Fan et al. 2014) . It is likely that this CGRN also exists in the cells of maize seedlings, although positive evidence for this hypothesis is lacking.
Conclusions and outlook
In their classic monograph, Went and Thimann (1937) introduced the phrase "without auxin, no growth," a tenet that was extended and elaborated by subsequent generations of plant physiologists (Srivastava 2002) . Five decades ago, the formula "no IAA-dependent cell elongation without the biosynthesis of GLPs" was coined, which was deduced on the basis of numerous sophisticated inhibitor studies (Noodén and Thimann 1963; Key 1964; Key and Ingle 1964; Key and Shannon 1964) . Here, we have described the elaboration of this classical "GLP concept" with reference to organ development in maize, one of the model plants of early auxin research (Kriechbaumer et al. 2006; Abel and Theologis 2010) . The IAA-induced, Golgi-derived proteinaceous nanoparticles that are incorporated into the growth-limiting outer epidermal wall (OEW) of the coleoptile have been characterized in detail (Fig. 3) . Despite many efforts, the exact composition and functional significance of these putative GLPs remain unresolved (Edelmann and Schopfer 1989; Deng et al. 2012; Li et al. 2013) .
However, the classic idea of GLPs is consistent with our current understanding of transcriptional regulation of cell elongation through RNA and protein biosynthesis. Based on genomic studies, GLP is not a single protein but most likely a collection of a large number of proteins that are involved in cell wall synthesis, wall-loosening, vesicle trafficking, cytoskeleton organization, etc. In other words, IAA-mediated cell elongation involves the coordinated expression of a large set of genes and proteins.
We summarize recent evidence indicating that, in addition to auxin, BRs are causally involved in the regulation of shoot growth in maize. Figure 6 depicts our current model of coleoptile and mesocotyl elongation in dark-grown maize seedlings. In addition to an appropriate turgor pressure and an active (O 2 -dependent) cell metabolism, GLPs are involved in the regulation of IAA (and BR)-dependent cell expansion. Research is urgently needed to test whether the recently characterized CGRN deduced from data generated with Arabidopsis seedlings (Fan et al. 2014; Oh et al. 2014; Wang et al. 2014 ) also operates in maize. More work is required to further elucidate the hormonal interactions in the regulation of shoot growth in cereals such as Z. mays.
Corn is the most productive crop in the USA that is grown at high planting densities (Fig. 1a) . As a result, crop yield is influenced by phytochrome-mediated shade avoidance responses that are based on growth processes regulated via both a modulation of intracellular auxin concentrations and signal integration at the transcriptional level (Dubois et al. 2010; Briggs 2009, 2013; Wang et al. 2012 Wang et al. , 2014 .
